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Abstract

The past two decades have witnessed an explosion of interest in the cognitive and neural
mechanisms of adaptive control processes that operate in selective attention tasks. This has
spawned a large empirical literature and several theories, but also recurring identification of
potential confounds and corresponding adjustments in task design to create confound-minimized
metrics of adaptive control. The resultant complexity of this literature can be difficult to navigate
for new researchers entering this field, leading to sub-optimal study designs. To remediate this
problem, we here present a consensus view among opposing theorists that specifies how
researchers can measure four hallmark indices of adaptive control (the congruency sequence
effect, and the list-wide, context-specific, and item-specific proportion congruency effects) while
minimizing easy-to-overlook confounds.
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The quest for pure measures of adaptive control

Cognitive control (see Glossary) allows people to act in ways that are consistent with their
internal goals [1]. To investigate such control, psychologists often use selective attention

tasks that create conflict by pitting instructed task goals against incompatible stimulus
information and automatic action tendencies (i.e., conflict tasks). For example, in the

seminal Stroop task [2], researchers study how the ability to identify the ink color of a word
varies with whether the word cues a different semantic representation and response than the
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color (e.g., the word BLUE in red ink; incongruent trials), or the same (e.g., the word RED
in red ink; congruent trials). Participants typically respond more slowly and less accurately
on incongruent trials than congruent ones. Researchers commonly consider the size of this
‘congruency effect’ as indicative of the signal strength of the irrelevant dimension relative to
the relevant dimension, as well as the level of cognitive control applied: when congruency
effects are relatively small, researchers infer there is greater recruitment of cognitive control.

Importantly, conflict tasks also allow psychologists to study modulations of congruency
effects that are thought to reflect adjustments of cognitive control, which we will refer to as
adaptive control (sometimes also called ‘control learning’, [3]). These dynamic adjustments
of control are particularly important to measure because it is the matching of processing
modes (e.g., a narrow vs. a wide focus of attention) to changing environmental demands,
and/or in response to performance monitoring signals (e.g., conflict), that characterizes
adaptive behavior [4]. In other words, rather than conceptualizing control as a static, time-
invariant process (e.g., by assessing mean congruency effects over an entire experiment),
adaptive control research is concerned with how control is regulated in a dynamic, time-
varying manner. This captures both the need to deal with a changing environment, as well as
the notion that control is costly and should be imposed only as much as necessary [5].
Research on adaptive control has already led to many important insights and influential
theories [5-9], and continues to inspire an increasing number of studies. Moreover, beyond
the basic research domain, adaptive control has been the topic of many studies and theories
on developmental changes [10-12] and various clinical disorders [13-19].

However, numerous metrics of adaptive control have been put forth, criticized, and revised a
number of times. Therefore, it can be difficult for new (or applied) researchers in this
domain to infer what represents current best practices for studying adaptive control. In fact,
many studies continue to use task designs or analysis strategies that researchers in the basic
research community no longer think effectively measure adaptive control [20,21]. For
example, a recent review on adaptive control in schizophrenia concluded that “there are very
few clearly interpretable studies on behavioural adaptation to conflict in the literature on
schizophrenia” (p. 209, [13]). Critically, systematic comparisons between older, confound-
prone, and newer, confound-minimized measures of adaptive control have shown differential
behavioral effects [22] and patterns of brain activity [23,24]. Therefore, the aim of the
present paper is to promote best practices for investigating adaptive control, based on a
current consensus view shared by different researchers in this field.

The need for “inducer” and “diagnostic” items when studying adaptive

control

When employing conflict tasks, it is typically the researcher’s goal to isolate changes in
behavior that reflect adjustments to relatively abstract attentional settings or task
representations (e.g., ‘pay more attention to the target’ or ‘be cautious in selecting the
response’) as opposed to concrete settings (e.g., ‘look at the green square’ or ‘press the left
response key”). For example, in the Stroop task, abstract adjustments of control could
involve paying more attention to the task-relevant color dimension or trying to inhibit the
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response cued by the task-irrelevant word dimension. Such adjustments are abstract in the
sense that they should lead to generalizable peformance benefits that are independent of
specific stimulus features or actions [25]. For instance, increased attention to the task-
relevant color dimension should lead to reduced interference from the task-irrelevant word
dimension regardless of the exact color and word that appears.

However, a number of researchers have pointed out that classic purported indices of adaptive
control in conflict tasks can often be re-explained in terms of more basic stimulus-stimulus
or stimulus-response learning processes (for a review, [21]). These considerations have led
to various theoretical discussions as to how such forms of lower-level learning relate to
cognitive control (Box 1). However, experts in this domain generally agree that
manipulations that promote learning at this concrete level are relatively easy to avoid.
Therefore, if researchers want to study adaptive control independent of low-level learning,
our recommendation is that they employ paradigms that are designed to minimize
opportunities for exploiting stimulus-response or stimulus-stimulus associations. We will
refer to these design features for the remainder of this paper as ‘confounds’ (but see the
section entitled When low-level learning is not a “confound”).

To explain how to accomplish this goal, we brought together different researchers in this
field (with different theoretical backgrounds, see Box 1) to summarize an emerging
consensus view on how to design conflict tasks to study adaptive control. It quickly became
apparent that the best way to summarize our view is to emphasize one key experimental
design principle that enables researchers to investigate adaptive control in a confound-
minimized fashion. Specifically, the principle is to distinguish between inducer items that
trigger adaptive control and diagnostic items that measure the effects of adaptive control on
performance.

Without going into the intricacies of what the different confounds are when investigating
adaptive control, which has been extensively discussed in other papers [21,26,27], we here
describe how to create tasks that avoid these confounds. We focus on four common markers
of adaptive control (Box 2; Figure 1): the congruency sequence effect (CSE), the list-wide
proportion congruency effect (LWPCE), the context-specific proportion congruency effect
(CSPCE), and the item-specific proportion congruency effect (ISPCE). Specifically, we
discuss how the inclusion of inducer and diagnostic items minimizes confounds that often
prevent researchers from accurately assessing adaptive control using one of these four
measures. We use the Stroop task as an example throughout this paper. However, our
recommendations apply to other conflict tasks as well (Box 3).

The congruency sequence effect

The CSE, sometimes referred to as the ‘Gratton effect’ [28] or ‘conflict adaptation effect’
[6], describes the finding that the congruency effect is reduced following incongruent
compared to congruent trials (for reviews, [27,29]). The CSE is thought to measure adaptive
control on a trial-by-trial basis (Box 2). However, over a decade ago, researchers noted that
in typical two-alternative forced choice (2-AFC) conflict tasks with small stimulus sets, the
nature of stimulus or response repetitions across consecutive trials differs for the different
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conditions that researchers use to calculate the CSE. Thus, they argued that feature
integration processes, stemming from such unequal repetitions, rather than adaptive control
processes, might engender the CSE [30,31]. Later, researchers also noted that in most
studies using 4-AFC tasks, which are helpful for avoiding stimulus and response repetitions,
distractors are paired more often with the congruent target than with each possible
incongruent target, which can lead to contingency learning [32]. Such tasks confound
different congruency conditions with different contingency conditions and, hence, different
congruency sequences with different contingency sequences. Thus, it is not possible to
interpret the CSE as an index of adaptive control in such tasks (although note that some do
consider contingency sequence learning a form of adaptive control, [33,34], albeit not one
that involves conflict processing; see also, Box 1). Reacting to such findings, researchers
began to use separate inducer items to trigger adaptive control and diagnostic items to
measure the effects of adaptive control [30,35-37].

One increasingly popular way to employ inducer and diagnostic items is to create two
stimulus sets (and associated response sets), each with their own congruent and incongruent
items, and to alternate between these sets on a trial-by-trial basis [35-38]. For instance, in
the Stroop task, one might present (a) blue and green color and word stimuli in odd trials
and (b) red and yellow color and word stimuli in even trials (Figure 1A). Critically, by
alternating between these two stimulus sets, the design guarantees that the inducer items that
trigger adaptive control in one trial are different from the diagnostic items that measure
adaptive control on the next trial, thereby ensuring that the CSE must reflect higher-level
cognitive adjustments independent of stimulus-response learning. Rather than employing
this alternating-sets design, one can also consider using a large set of stimuli and responses,
such that each trial is a new stimulus (e.g., a picture naming task with a large set of picture-
word interference stimuli; [39], Experiment 1b).

Three additional aspects deserve attention when studying the CSE. First, to avoid
contingency learning confounds, one should present each unique congruent stimulus and
each unique incongruent stimulus in each stimulus set equally often (e.g., the word RED in
yellow should occur as often as the word RED in red; [32,40]). Thus, for example, congruent
trials should occur 50% of the time when alternating between a pair of 2-AFC tasks, 33% of
the time when alternating between a pair of 3-AFC tasks, and so on.

Second, while the two stimulus sets should contain different stimuli and responses, the task
should be the same for both (e.g., color categorisation) as task switching reduces the CSE.
That is, when using different ‘stimulus sets’, the idea should be to create non-overlapping
sets of stimuli and responses that are all part of the same task set (e.g., name ink colors,
ignore words), unless, of course, one wishes to investigate the influence of task switching on
the CSE ([41-43]; for a review, [44]). Using different response sets may reduce the CSE in
some situations [36,45,46], especially when using arbitrary stimulus-response mappings
[47]. However, in some tasks, such as the prime-probe task, it is possible to observe robust
CSEs with both arbitrary [38] and non-arbitrary [37] stimulus-response mappings, as long as
participants perceive all of the stimuli and responses as belonging to the same task.
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Third, one should always exclude all trials that follow an unusual event. This is because the
CSE is critically dependent on what occured on the previous trial. For instance, we typically
exclude all trials following an error (in addition to current-trial errors) and the first trial of
each block.

Critically, in our consensus view, following the procedures described in this section will
better allow researchers to attribute the CSE (Figure 2) to an adaptive control process, rather
than to feature integration or contingency learning mechanisms. Note that there are still
various alternative accounts as to what exactly this adaptive control process entails (Box 1),
but they all involve mechanisms that go beyond low-level stimulus-response learning.

The list-wide proportion congruency effect

The LWPCE describes the finding of a smaller congruency effect in blocks of more relative
to less frequent incongruent trials. The LWPCE is thought to measure global adaptations of
control to the likelihood of experiencing conflict (high or low) in a particular block (list) of
trials ([48], for a user’s guide to the proportion congruency manipulation). In many prior
studies, however, the frequency of incongruent trials was confounded with the frequency
with which specific stimuli appeared. For example, a smaller congruency effect in mostly
incongruent (MI) blocks than in mostly congruent (MC) blocks could reflect either adaptive
control, or just having seen specific incongruent stimuli (i.e., BLUE in red) more frequently
in the M1 block, as participants typically respond more quickly to stimuli that appear more
frequently due to low-level learning.

The best approach to studying the LWPCE while minimizing confounds also involves
creating two sets of stimuli (and associated responses). The inducer items manipulate the
relative frequencies of congruent and incongruent trials. In contrast, the diagnostic items
measure the effect of the inducer items on the LWPCE. The diagnostic items typically
consist of equal percentages of congruent and incongruent trials, although the percentages
could be different, provided they remain the same in the MI and MC blocks (e.g., [49]). The
inducer and diagnostic items are then randomly intermixed. As a practical example, during
MI blocks, the inducer items might consist of 80% incongruent trials and 20% congruent
trials, whereas the diagnostic items might consist of 50% incongruent and 50% congruent
trials (Figure 1B). During MC blocks, the proportion congruency would be reversed for the
inducer items (e.g., 20% incongruent, 80% congruent) but remain the same for the
diagnostic items (i.e., 50% congruent).

There are two additional procedures we recommend following when investigating the
LWPCE. First, to maximize the list-wide bias engendered by the inducer items in each block
(i.e., such that overall PC is low in the MI block and high in the MC block), inducer items
should appear more frequently than diagnostic items ([50], for sample frequencies).

Second, the inducer set should ideally be comprised of at least three different stimuli and
associated responses (e.g., many studies used a Stroop task with four different words and
their corresponding colors resulting in three equally frequent response options on
incongruent trials; [50-52]). This is because manipulating proportion congruency on small
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sets of stimuli (e.g., two colors and their corresponding words in a Stroop task) promotes
contingency learning, which may weaken the triggering of adaptive control based on the
proportion congruency of the list ([53,54]; but see [55,56]). This second recommendation
naturally increases the number of responses in the task. For example, four colors for inducer
items and two colors for diagnostic items would require six response options. These are
readily accommodated in vocal versions of the Stroop task. Alternatively, one can pre-train
participants on a six alternative-forced-choice (6-AFC) manual (i.e., button-pressing)
conflict task.

Using such designs, we can make inferences about list-wide (global) adaptive control by
analyzing the inducer and diagnostic items separately. If the congruency effect is reduced for
the diagnostic items in MI blocks compared to MC blocks, this suggests that changes in
control took place that cannot be attributed to the frequency with which individual items
appeared (see Box 1 and Box 2, for different accounts). Finally, we note that it is also
possible to investigate the LWPCE using a design wherein a unique item appears on each
trial (e.g., new pictures in a picture-word Stroop), which bypasses the need for two different
stimulus sets [57].

The context-specific proportion congruency effect

The CSPCE refers to the observation that the congruency effect can change when proportion
congruency is manipulated across two or more contexts that vary on a trial-by-trial basis. For
instance, presenting a higher proportion of incongruent stimuli in one out of two possible
stimulus locations can lead to smaller congruency effects at that location than at the other
location. Unlike the LWPCE, the CSPCE is thought to index adaptations to different
congruency proportions within a block, which are predicted by task-irrelevant contextual
features that are not part of the main task (e.g., stimulus location, [58]; color, [59]; shape
surrounding the stimulus, [60]; temporal presentation windows, [61]; etc.). Relatively few
studies have determined whether the CSPCE appears when measured with diagnostic items,
and the evidence is mixed ([62-65]; but see [66]). Consequently, there is an ongoing
controversy as to whether the CSPCE reflects adaptive control or a form of contingency
learning [67]. Regardless, we believe that for researchers who want to use the CSPCE as a
measure of adaptive control, the same design rules apply as for the CSE and the LWPCE.

Specifically, researchers should employ distinct sets of inducer and diagnostic items.
Importantly, both sets should appear in both contexts (within the same block), but the
inducer items should vary in proportion congruency (and thereby trigger adaptive control)
dependent on the context. For example, in Figure 1C, the relevant color blue appears most
often with an incongruent word distractor in the upper (MI) screen location but with a
congruent word distractor in the lower (MC) screen location. The diagnostic items (e.g.,
50% congruent in each location) measure the effects of adaptive control. Critically, if the
congruency effect for the diagnostic items is smaller in the Ml context (e.g., in the upper
screen location) than in the MC context (e.g., in the lower screen location; Figure 2), one
may conclude there is evidence for adaptive control.
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The item-specific proportion congruency effect

Our final index of adaptive control is the ISPCE, which refers to the finding that the size of
the congruency effect for a particular item varies with how frequently it appears in
incongruent relative to congruent trials. For example, the congruency effect is smaller for
target items that appear more frequently with incongruent distractors than for target items
that appear more frequently with congruent distractors. Much like the LWPCE and the
CSPCE, the ISPCE reflects adaptations to different proportions of congruent and
incongruent trials. However, it differs from these other indices of adaptive control in that
researchers manipulate the proportion congruency of different task-relevantitems (e.g.,
target colors, [68]; pictures, [69,70]). The original studies aimed to manipulate the
proportion congruency of the distractors [71]. However, it is preferable that the relevant
stimulus feature is predictive of proportion congruency, because when the irrelevant feature
is predictive (e.g., the word in the Stroop task), the ISPCE that results can be driven by
contingency-learning, as shown in several studies ([69,72]; but see [69], Experiment 1; [68],
Experiment 3, four-item set condition). Accordingly, when examining the ISPCE in the
Stroop task, researchers manipulate proportion congruency across the different ink colors
that appear randomly in each block (e.g., blue is MC, red is MI). Critically, unlike for the
other three indices of adaptive control, the ‘diagnostic items’ should share the predictive
feature (e.g., color) with the biased inducer items. Otherwise, item-specific adjustments
cannot be assessed.

Design-wise, examining the ISPCE begins with the creation of two stimulus sets that vary in
their task-relevant feature (e.g., color in the Stroop task). Unlike for the LWPCE and
CSPCE, these stimulus sets both consist of inducer items; that is, the triggers of adaptive
control. In the Stroop task, for example, one set of colors (e.g., blue and green) appears more
frequently with a congruent word (MC items) while the other set of colors (e.g., red and
yellow) appears more frequently with an incongruent word (M1 items). During the task,
these items are randomly intermixed (Figure 1D). Further, the item sets overlap, meaning, in
our example, that the colors red and yellow would appear not just with the words ‘red’ and
‘yellow’, but also with the words ‘blue’ and ‘green’, and vice versa for the colors blue and
green. This might discourage participants from relying on contingency learning based on the
distractor word to predict the target response [69], which can occur when the sets do not
overlap ([71,72], but see [68], Experiment 3, four-item set condition). One typically tests for
the presence of an ISPCE by determining whether the congruency effect is smaller for Ml
(e.g., red and yellow) items than for MC (e.g., green and blue) items. However, although the
ISPCE in this design is based on differences in proportion congruency associated with the
relevant dimension, the distractor words are not completely uncorrelated with responses
([69], Experiment 2; [68], Experiments 1 & 2; [70,73]).

Therefore, consistent with our general recommendation, we encourage researchers to create
a third set of diagnostic items to assess the ISPCE without item-frequency differences. There
currently exist two kinds of approaches using diagnostic items, but each comes with a
cautionary note. First, one can create diagnostic items by choosing novel items from the
same categories as the inducer items ([69], Experiment 2; [70]). For example, in a Stroop
task wherein participants name a picture category (e.g., dogs, birds) while ignoring a
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superimposed word (e.g., cat), one can use a novel set of exemplars as diagnostic items (e.g.,
new dogs and birds that are 50% congruent). Importantly, while this approach already
reduces some prominent contingency learning confounds, it could still be influenced by
smaller remaining distractor-response contingencies or contingency learning at a categorical
level based on the distractor word ([74,75]; for a review, [21]). No study has established that
these remaining contingency learning opportunities can give rise to the ISPCE in these
particular designs, but researchers should be aware of this caveat.

A second approach is to use diagnostic items that involve new distractor features (e.g.,
words). Crucially, this approach controls for all currently known frequency and contingency
learning confounds. For example, in the Stroop task, diagnostic trials consist of the MC and
M1 inducer colors paired equally often with incongruent non-inducer distractor words such
as ‘purple’ or ‘black’ (Figure 1D). Using this design, one can examine whether responses are
faster for (1) Ml inducer colors paired with non-inducer incongruent words than for (2) MC
inducer colors paired with non-inducer incongruent words. Such a result indicates adaptive
control in the absence of frequency and contingency learning confounds. However,
analogous to the CSPC, only one study has investigated item-specific control using this
particular approach ([68], Experiment 2). Therefore, while we can confidently recommend
this approach, it will be important to assess its robustness in future studies.

Power analysis and design planning

Our recommendation to use inducer and diagnostic items for measuring adaptive control
also comes with a warning regarding statistical power. The CSE, LWPCE, ISPCE, and
CSPCE are all calculated as the difference between two congruency effects, which are
themselves difference scores. Taking a difference between difference scores can increase
variability [76]. Hence, if a design has sufficient power to measure a congruency effect, it
might not necessarily have sufficient power to measure a difference between congruency
effects. Moreover, splitting a design into inducer and diagnostic items can reduce the
number of trials used to measure the effect of interest (with the exception of the CSE), thus
further reducing power.

Therefore, we recommend that researchers ensure their design has enough trials and
participants to achieve a desired level of statistical power for assessing adaptive control. To
aid with power calculations (and determining the required sample size) for adaptive control
designs, Crump and Brosowsky [77] created conflictPower (https://crumplab.github.io/
conflictPower/), a free R package for estimating power using monte-carlo simulations (using
the method from [64]). This approach provides power estimates for congruency effects and
differences between congruency effects that depend on number of participants, effect-size,
number of trials per cell, and estimates about the shape of underlying reaction time
distributions using ex-Gaussian parameters.

We are sensitive to the fact that acquiring more trials or bigger sample sizes can sometimes
be challenging, especially in clinical studies. Therefore, we are not recommending that

patient studies be withheld for the sole reason that they might lack the statistical power for
drawing firm conclusions. One way to address this general issue (that is not specific to this
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literature; e.g., [78]) is to rely more on meta-analyses, or conduct multi-lab studies for
accurate inferences. Another could be the further development of new paradigms that
account for the same (or new) confounds, but focus more on detecting reliable individual
differences.

When low-level learning is not a “confound”

We recommend that researchers employ diagnostic items as a means to measure adaptive
control, because effects on these items are not easily explained by simple response repetition
effects or the formation of stimulus-response (or stimulus-stimulus) associations. Therefore,
they license consideration of adaptive control accounts. This also led us to label as
“confounds” design features that allow for these lower-level associative effects to influence
performance, consistent with the decades-old literature on this topic. Importantly, however,
this terminology is not meant to imply that stimulus-response or stimulus-stimulus learning
is not adaptive in its own right - it most certainly is. In fact, as noted in Box 1, some recent
theories have begun to emphasize that adaptive control might rely on the same learning
processes as more low-level forms of learning, with the only difference being that they
typically operate on more abstract representations (e.g., task difficulty, congruency
expectancy, error likelihood). Similarly, we do not want to argue that adaptive control cannot
act at the level of specific stimulus or response features. It most likely can, and such
specificity could even be considered a marker of its adaptivity rather than a confound.
However, demonstrating adaptive control at this level (where it is probably most powerful)
comes with the problem that we cannot distinguish it from other low-level explanations (for
a partial exception, see the ISPCE).

Of course, in most real-world situations, it is likely that adaptations of cognitive control
parameters (like task focus) go hand-in-hand with lower-level learning about the specifics of
the environment. This notion is inherent in the study of the CSPCE and ISPCE discussed
above, where it is concrete context or stimulus features that condition control processes.
Moreover, this has also been investigated in studies that looked at the interaction between
lower-level learning and the CSE [22,79-82]. Accordingly, we would like to emphasize that
although confound-minimized designs isolate adaptive control processes from lower-level
learning processes, we do not view adaptive control as context-free or untethered from
lower-level processing. On the contrary, we believe that context and specific stimulus
features may be potent drivers of, and interact with, control.

Finally, our recommendations do not imply that there is no value in employing the type of
task designs we denote as “confounded” in this article — what constitutes a confound clearly
depends on the intention and hypotheses of the researcher. For example, a researcher might
have a hypothesis that is agnostic about the mechanism that underlies the effect, have
diverging predictions depending on the underlying process (e.g., adaptive control versus
contingency learning), or simply be interested in the interaction between these different
levels of learning [22,79-82]. Instead, our argument is that if it is a researcher’s goal to
isolate the effects of adaptive control from concurrent effects of more concrete, lower-level
learning processes (as is often the case), then the use of the above-described inducer-
diagnostic item design is strongly recommended.
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Concluding remarks

The current literature on adaptive control is characterised by a wide heterogeneity of
paradigms and designs. Thus, for researchers who are not ‘in the weeds’ of this field, it can
be difficult to infer a consensus view on the steps needed to optimally study adaptive control
in conflict tasks. Here, we argue there is one key consideration. Specifically, to measure the
hypothetical effects of adaptive control, researchers should employ diagnostic stimuli (and
associated responses) that do not overlap with inducer stimuli (and associated responses)
that trigger such control (for a partial exception, see the ISPCE).

Of course, creating optimal conditions for measuring adaptive control is not limited to the
use of inducer and diagnostic items. For example, researchers should also ensure they have
sufficient statistical power, which will depend on the exact conflict task and effect under
investigation. It is also worth noting that indices of adaptive control often show a low
correlation across, and even within, different conflict tasks (with or without confounds; [83—
85]), similar to other measures of cognitive control [86,87]. In other words, while most of
these effects can be reliably observed at the group level, they are not optimized for studying
interindividual differences. This could also explain why markers of adaptive control often
show low or null correlations with other related measures such as working memory capacity
(e.0., [88]). In part, this can be expected for tasks that are popular precisely because they
produce reliable group effects, and thus low between-subject variance [86,89].

More broadly, although this paper focused on four prominent measures of adaptive control
in conflict tasks (for other measures in conflict tasks, see Box 4), we believe that the same
ideas apply to the study of adaptive control in other tasks. For example, consider studies of
task switching. Here, the repetition of task cues [90,91] and stimulus-response features [92]
from one trial to the next influences the switch cost, which is thought to reflect, at least
partly, the time needed by control processes to reconfigure task sets [93]. Interestingly,
similar measures of adaptive control exist in the task switching literature, such as the list-
wide [94], context-specific [95], and item-specific [96,97] modulations of the switch cost
(for a review, see [98]). However, while some task switching studies have circumvented such
low-level repetition confounds by presenting different cues or stimuli on each trial [99], very
few have employed confound-minimized designs [92].

In conclusion, the last two decades have witnessed an exponentially increasing interest in the
study of adaptive control. During this period, specific indices of adaptive control in conflict
tasks and the methods for avoiding experimental confounds have been extensively discussed
and revised numerous times. For those outside the field, it can be difficult to follow what is
the current optimal means for studying these control processes. In this paper, we presented a
consensus view that emphasizes the inclusion of inducer and diagnostic items in the
experimental design. We believe that future studies using such ‘confound-minimized’
designs (in isolation or in combination with other factors, such as contingency learning) will
allow researchers to address and revisit exciting research questions (see Outstanding
Questions) and substantially advance our understanding of adaptive control.
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Glossary

Adaptive control Adaptive control here refers to control processes or
executive functions that dynamically adjust processing
selectivity in response to changes in the environment or to
internal (performance) monitoring signals (e.g., conflicts)

Cognitive control The term cognitive control, or executive functions, is
generally used to describe a set of (not always well-
defined) higher-order processes that are thought to direct,
correct, and redirect behavior in line with internal goals
and current context

(Cognitive) Conflict Conflict in information processing is thought to occur
when two or more mutually incompatible stimulus
representations and/or response tendencies are triggered by
a stimulus, such as an incongruent stimulus in the Stroop
task (invoking, e.g., both “blue” and “red”)

Conflict adaptation Conflict adaptation refers to adaptive processes that are
putatively triggered following the detection of conflict, and
are recruited for the purpose of resolving this conflict or
preventing subsequent occurences of conflict. This term is
sometimes also used to refer specifically to the CSE

Contingency learning Contingency learning refers to the general learning process
of forming stimulus-stimulus and/or stimulus-response
associations based on their co-occurrence, with the strength
of associations increasing as a function of the frequency of
co-occurrence. While contingency learning is often
discussed within the context of implicit learning, one does
not have to make any assumptions about whether this
learning occurs explicitly or implicitly, and is strategic or
automatic

Diagnostic items These are the items that are used to “measure” the effects
of adaptive control on performance. These items are
sometimes also referred to as non-manipulated items,
unbiased items, transfer items, or test items

Feature integration Feature integration refers to the idea that multiple features
of a given stimulus are integrated or bound together in
perception and memory. An extension of this idea holds
that this integration of the features of an experience (or
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Outstanding Questions Box

Will previous findings hold when using the recommended measures of
adaptive control? For example, topics such as the domain-generality of
control processes, their reward-sensitivity, the role of consciousness, or the
relation to other constructs such as working memory capacity, have mostly
been studied using designs that potentially measured stimulus-response or
stimulus-stimulus learning.

Avre the learning processes mediating adaptive control qualitatively different
from, or similar to, the learning processes that mediate stimulus-response or
stimulus-stimulus learning?

What learning processes support transfer and generalization of control within
and across contexts and items?

Which brain regions or processes are involved in adaptive control when using
inducer-diagnostic item designs, and how do they relate to the neural
mechanisms that underlie stimulus-response or stimulus-stimulus learning?

What role, if any, does the detection of conflict play in driving adaptive
control? For example, is there a functional role for conflict in triggering
adaptive control processes?

Can future designs be further modified to detect more reliable individual
differences within and across tasks? And what are the correlates of individual
differences in adaptive control?

Trends Cogn Sci. Author manuscript; available in PMC 2020 September 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Braem et al.

Page 20

Trends Box

Early putative indices of adaptive control in conflict tasks spurred a great deal
of research, but also numerous discussions on what these indices actually
measure.

Recent studies have shown that adaptive control effects can be observed after
controlling for low-level confounds. However, many canonical findings in the
literature, for instance concerning the functional neuroanatomy of adaptive
control, are based on older, confounded designs, and may thus be subject to
revision.

This research field is now starting to experience a second wave of studies on
adaptive control in conflict tasks with improved designs that allow us to
(re)address old and new questions.
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Box 1.
Cognitive control versus low-level learning

The observation that low-level learning contributes to various metrics of adaptive control
has led to several theoretical discussions as to how adaptive control works, and how *low-
level’ stimulus-stimulus or stimulus-response learning relates to cognitive control more
broadly. Initially, the seminal conflict monitoring account (Figure 1A;[6]) proposed that
conflict is detected by a conflict monitor, which signals the need for adaptation to
specific top-down task or control modules. However, some have subsequently argued that
there is no need for such modules to explain adaptive control (Figure IC; [21]), while
others have suggested that these top-down modules are recruited as a last resort
mechanism [50]. Yet other theories emphasize a close integration between low-level
learning and cognitive control (Figure 1B, D; [25,100-102]) to better account for
observations such as context- and item-specific proportion congruency effects, or the
domain-specificity of the congruency sequence effect (for reviews, see [44,103]). These
theories suggest that control representations are embedded in the same associative
network of stimulus and response representations. Some see an important role for conflict
as a teaching signal that promotes these different forms of learning (B; [101,102]), while
others have been agnostic about this [25], or argued against conflict as a teaching signal
in driving adaptive control (D;[22]).

Taken together, we believe these theories differ in their response to two pertinent
questions. First, some accounts consider cognitive control and low-level learning to rely
on separate mechanisms or modules (A,C), while others question this idea and capitalize
on the similarities between the two by arguing for the associative learning or episodic
binding of control states (B,D). A second open question has been whether conflict serves
as an active control signal (A,B), or plays no necessary functional role (C,D) in adaptive
control.

Finally, two more issues are important to mention. First, there also exist various more
specific theories on the nature of the proposed conflict monitor [5,104-106], and the
precise mechanisms that make up these control processes ([28,107], for an overview, see
[108]), that are beyond the scope of this article. Second, while the different measures
discussed in this article are all thought to measure adaptive control beyond stimulus-
response learning, they can still differ in their ‘degree’ of higher-order processing. For
example, one interesting proposal is that adaptive control processes can also come about
by simply learning one abstract property of the task, namely, the time it takes to respond
to the previous trial (i.e., temporal learning accounts; [109,110]; but see [57,111]).
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Box 2.
Different measures of adaptive control — What do they test?

The most widely used marker of adaptive control in conflict tasks is the congruency
sequence effect (CSE). The CSE refers to the observation that the congruency effect is
smaller following incongruent as compared to congruent trials (Figures 1A and 2; [28];
for reviews, see [27,29]). The CSE is typically thought to measure a short-lived, reactive
adaptation to a just-experienced conflict between competing response representations [6].

A second marker is the list-wide proportion congruency effect (LWPCE). The LWPCE
refers to the observation that the congruency effect is smaller in blocks that contain
mostly incongruent trials than in blocks that contain mostly congruent trials (Figure 1B;
Figure 2; [28,112]; for a review, see [26]). In contrast to the CSE, the LWPCE is usually
considered to measure more global, and possibly proactive (i.e., anticipatory; [113,114]),
adaptations of control that accrue over a larger time-window than the previous trial.
However, some researchers have suggested that these two effects might be mediated by
the same underlying learning proceses [6,35,102,115,116]. In fact, one can even consider
the typical LWPCE design as being confounded with different proportions of previous-
trial congruency, according to which the LWPCE could also reflect an accumulation of
CSE effects. While some studies have accounted for this, and still found a small LWPCE
effect [117], the exact relation between these two types of adaptive contol is still a topic
of discussion.

For anyone new to the field who is interested in assessing adaptive control, we
recommend focusing on the CSE or LWPCE, as these effects have been studied most
extensively with the here-described confound-minimized designs.

A third and fourth way to manipulate proportion congruency is to link it to specific
contexts or specific items, respectively. In tasks measuring the context-specific proportion
congruency effect (CSPCE; [58]), the proportions of congruent and incongruent trials are
tied to a contextual feature that can change on a trial-by-trial basis and is not part of the
task stimulus itself (e.g., the spatial location of Stroop stimuli; Figure 1C). In tasks
measuring the item-specific proportion congruency effect (ISPCE; [71]), the proportions
of congruent and incongruent trials are contingent on a specific fask-relevant feature (e.g.,
color in the Stroop task; Figure 1D). Similar to the LWPCE, both the CSPCE and the
ISPCE are thought to reflect adaptive control processes that learn about proportion
congruency across several trials, rather than just the previous trial as for the CSE. In
contrast to the LWPCE and more like the CSE, however, these adaptive control processes
are recruited reactively after stimulus onset in the CSPCE and ISPCE.

Importantly, please note that all original observations of these four effects came from
designs that are now considered confounded, because low-level learning (e.g.,
contingency learning, associative learning, episodic memory of stimulus-response
episodes) could explain the modulation of the congruency effect.
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Box 3.
Different conflict tasks — Which one should | choose?

We use the Stroop task [2] as an example throughout our paper, as it is the most popular
of all conflict tasks. However, researchers have also used other paradigms to study
adaptive control. For instance, in the flanker task participants identify a central target
while ignoring congruent or incongruent flanking distractors. As another example, in the
Simon task participants make a lateralized response (e.g., a left button press) to identify a
non-spatial feature of a stimulus (e.g., its color - red) while ignoring the location of the
stimulus on the screen, which can be congruent (e.g., left) or incongruent (e.g., right).

The same signatures of adaptive control (like the CSE, LWPCE, etc.) have been found
across different types of conflict tasks. However, there is currently little evidence for
adaptive control crossing between conflict tasks for the CSE (i.e., where the inducer trial
is from one task, and the diagnostic from another; for reviews, see [44,103]), and only
some for the LWPCE [56,118,119]. Further, indices of adaptive control within different
conflict tasks show low to no correlations with one another [85]. Thus, one should think
carefully about which conflict task to employ. In so doing, at least two things should be
considered: First, researchers posit that different tasks invoke different types of conflict
(and adaptive control processes) as a function of the cognitive processing stage(s) at
which an overlap occurs between task-relevant and task-irrelevant stimulus features
[120]. For instance, whereas conflict in the Stroop task likely involves clashing semantic
features, conflict in the Simon task likely involves location-triggered response priming.
One may also consider employing tasks that invoke other types of conflict, such as
emotional conflict [121].

Second, different conflict tasks may have different degrees of power to detect changes in
congruency effects. For example, while the CSE can be reliably observed in the Stroop
task ([35,85], but see [38]), but its effect size is relatively small (e.g., =178, np?=05, in
[85]). In contrast, tasks wherein the distractor precedes the target, such as the prime-
probe task, produce a CSE that has a larger effect size [37]. Similarly, Stroop or flanker
tasks wherein the task-irrelevant information appears before target presentation also
result in larger CSE effects [122]. Therefore, we strongly recommend running a power
analysis before setting up an experiment and choosing the sample size and number of
trials accordingly (main text).
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Box 4.
More measures of adaptive control in conflict tasks

This paper focuses on four popular indices of adaptive control in conflict tasks, but other
interesting measures exist as well, especially when using variations of conflict tasks such
as conflict task switching studies, or free-choice paradigms. First, while most indices of
adaptive control come from single task paradigms, some can also be observed in
(conflict) task-switching paradigms (for a review, see [123]). A seminal finding in this
domain is that the switch cost (i.e., the performance cost associated with alternating
versus repeating the just-performed task) is greater when the previous trial was
incongruent as compared to congruent [124]. This effect is thought to measure enhanced
processing of task-relevant information after an incongruent trial due to adaptive control
processes (e.g., [125,126]; but see [92]), similar to some explanations of the CSE [6].

A second group of studies has begun to look at adaptations to conflict in free-choice
tasks. All measures discussed thus far come from tasks wherein participants are clearly
instructed to perform one task or the other. However, in an attempt to create more
ecologically valid paradigms, some researchers have started to employ voluntary task
switching paradigms, wherein participants choose which task to perform in each trial
[127]. Using such paradigms, some researchers have studied whether people are more
likely to repeat a task, or switch to a new task, if the previous trial was incongruent as
compared to congruent [128,129]. Similarly, others have studied whether people, when
given a choice, tend to avoid or approach contexts that are associated with a higher
proportion of incongruent trials [60,130]. Many of these studies have demonstrated that
people tend to prefer congruent over incongruent trials (and associated tasks), which is
consistent with the idea that adaptive control is also costly and demanding [5].

Trends Cogn Sci. Author manuscript; available in PMC 2020 September 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Braem et al.

A. The congruency sequence effect:
[ = L = = -

1

BLUE |

1
I |

Page 26

Previoys triq
congruent

—1 R

RED : GREENI

B. The list-wide proportion congruency effect:

Pr evioys trigl
ncongryent

GREEN I o | -
RED | GRreen| I : GREEN|  BLyE |
| BROWN 1 I ORANGE
|
—l _____ ! —I _____
C. The context-specific proportion congruency effect: e et M
n: Mostly ncongryent
RED | yELLOW \
VELIGH e e
» ! : BLACK
RED :
U RPLE:
D. The item-specific proportion congruency effect: S i

GREEN

ﬁﬁﬁ—‘ - Gre

BLUE BLUE
YELLOW

BLUE! g acki
I

Figure 1. Different indices of adaptive control in the Stroop task.
For each measure, dashed screens indicate the use of diagnostic items to study adaptive

changes in behavior that were triggered by different items. Note that for the examples B-D
diagnostic items are usually randomly presented among the other items (not only at the end
of a run), which is here not the case for reasons of figure space. A. The congruency sequence
effect measures adaptive changes following incongruent versus congruent trials. B. The
proportion congruency effect measures adaptations in control in blocks where mostly
congruent trials are presented (left) versus blocks where mostly incongruent trials are
presented (right). C. The context-specific proportion congruency effect investigates adaptive
control in contexts associated with mostly incongruent items (e.g., stimuli presented at the
top of the screen) versus contexts with mostly congruent items (e.g., stimuli presented at the
bottom of the screen). D. The item-specific proportion congruency effect probes adaptations
in control to item features that are presented under mostly incongruent conditions (i.e., the
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ink colors red and yellow) versus item features presented in mostly congruent conditions
(i.e., the ink colors blue and green).
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Figure 2. Behavioral indices of adaptive control.
The four performance indices are characterized by a reduction in the congruency effect

either following incongruent versus congruent trials (i.e., congruency sequence effect), or in
mostly incongruent versus mostly congruent conditions (i.e., proportion congrueny effects;
PCEs). The interaction depicted in this figure represents a generic form—the actual form of
the interaction may vary from one index to another
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